10-Carboxydecylamino-Sepharose (10-CDSepharose, I) has been used as column packing for the purification of a number of enzymes by biospecific-elution chromatography, including wheat-germ aspartate carbamoyltransferase (Yon, 1981a) and rat liver lactate dehydrogenase (Kyprianou & Yon, 1982a) . Some qualitative aspects of the specific desorption of these and other enzymes by their ligands have been studied (Yon, 1979 (Yon, , 1981a Kyprianou & Yon, 1982b) . The adsorbent shares some properties with the immobilized triazinyl-dye packings that are currently attracting much attention as tools for protein purification (Atkinson et al., 1982; Lowe et al., 1982) , in that it incorporates constellations of hydrophobic and ionic groups capable of interAbbreviation used: 10-CD-Sepharose, 10-carboxydecylamino-Sepharose.
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I I +NH2 (I) Vol. 207 acting with complementary constellations on the surfaces of proteins, such interactions being remarkably prone to perturbation by soluble protein ligands. In a recent study the NADH-specific desorptions of rat liver lactate dehydrogenase from 10-CD-Sepharose and from Cibacron BlueSepharose were compared, and were found to have several points of similarity (Kyprianou & Yon, 1982b) . Quantitative studies of protein elution by biospecific ligands have been, to a large extent, confined to cases of affinity chromatography, which assumes that biologically significant ligand-binding sites on the protein are exclusively or predominantly involved in the enzyme-adsorbent interaction [see reviews by Turkova (1978) and Chaiken (1979a,b) 1.
This assumption is untenable when a material such as 10-CD-Sepharose is used. Consequently, in studying the interactions of proteins with 10-CDSepharose, information about the nature and extent of the adsorption interface would be useful. The present paper describes an attempt to obtain such information by quantitative analysis. General with affinity systems have been adapted for the case of a multi-site protein, such as lactate dehydrogenase, interacting with its ligand and with a non-specific adsorbent, such as 1O-CD-Sepharose. By using appropriate plotting forms and data from frontal-elution and zonal-elution experiments, we have determined several parameters of the interaction between rat liver M4 lactate dehydrogenase and 10-CD-Sepharose, including evidence that more than one NADH-binding site is occluded on adsorption of an enzyme molecule.
Theory
A number of equations have been used to analyse the chromatography of equilibrating protein-ligand. complexes on 'affinity' columns when the protein has a single ligand-binding site (reviewed by Turkova, 1978) , and in principle these could be applied to non-specific columns. However, special problems arise when one is investigating a multi-site protein such as lactate dehydrogenase. In affinity chromatography one assumes that absorption involves these same sites, usually with the simplifying further assumption that immobilized ligand groups on the column are widely spaced so that only one ligandbinding site on each protein molecule is involved in adsorption (Masters et al., 1969; Nichol et al., 1974; Veronese et al., 1979) , although the case of two-site adsorption has been considered (Eilat & Chaiken, 1979; Chaiken, 1979a) . In the present case, which involves a non-specific adsorbent (in the sense that biologically significant binding sites are not uniquely involved in the adsorption of the protein), no such assumption can be made a priori about the number of ligand-binding sites blocked by adsorption, since the extent of the adsorption site on the protein is not known. The following treatment permits determination of the number of blocked sites. It is an extension by one of us (R. J. Y.) of the comprehensive theory of quantitative affinity chromatography described by Nichol et al. (1974) . Although the case of a four-site protein is discussed for purposes of illustration, the essential equation [eqn. (4) below] remains valid for any number (greater than 1) of identical independent sites.
The relevant equilibria to be discussed, and the association constants for the formation of each complex, are listed below, where E represents lactate dehydrogenase, L represents NADH and X represents an adsorption site on the column:
The group of equilibria (A) represents the stepwise binding of NADH to the four non-co-operative binding sites on the enzyme to form free solution complexes, each stepwise association constant being the product of the intrinsic (site) association constant KL and a statistical factor (4-i + l)/i (i = 1, 2, 3 and 4 for successive binding) (Klotz, 1946 [ET] and various values of [LI. The data can be used to determine one, but not both, of n and KL, and hence the other must be known or its value assumed. In this context, most quantitative affinity-chromatographic studies on multiple-site enzymes are designed to obtain values of KL by using equations equivalent to eqn. (4) with n = 1, i.e. it is assumed that only one site is blocked to soluble ligand by adsorption (see, e.g., Masters et aL 1969; Nichol et al., 1974; Veronese et al., 1979) .
If it is necessary to assume that n = 2, 3 or 4, then appropriate linear forms of eqn. (4) may be derived in which the square, cube or fourth root of
These analyses all permit estimation of the value of KL. In the present paper, however, we have taken published values for KL from kinetic or binding studies, thereby permitting us to obtain a value for n, and hence an assessment of the extent of the adsorption interface in relation to the four NADHbinding sites. Rearranging eqn. (4) and taking logarithms to base 10, we obtain:
Hence n is conveniently obtained from the gradient
Vol. 207 of a double-logarithmic plot. In the use of eqns. (4) and (6) (Dunn & Chaiken, 1974) .
Experimental Materials
Sepharose 4B was obtained from Pharmacia, London W.5, U.K. 1 1-Aminoundecanoic acid was from Aldrich Chemical Co., Gillingham, Dorset, U.K. NADH was from Sigma Chemical Co., Kingston-upon-Thames, Surrey, U.K. All other reagents were from Sigma or from BDH Chemicals, Poole, Dorset, U.K., and were of analytical-reagent grade whenever possible. 10-CD-Sepharose was prepared by coupling 1 1-aminoundecanoic acid to CNBr-activated Sepharose 4B by the procedure of Cuatrecasas (1970) , and extensively washed with alternating large volumes of 1% NaCl and 0.1% Brij 35, and finally with distilled water, to remove unchanged 1 1-aminoundecanoate. The gel was found to contain 17.6,umol of 10-CD groups/ml of settled gel, by titration of carboxy groups. Lactate dehydrogenase (M4 isoenzyme) was purified to homogeneity from rat liver by the two-step procedure described previously (Kyprianou & Yon, 1982a) , in which the major purification was by NADH-specific desorption from 10-CD-Sepharose. The purified enzyme was concentrated by ultrafiltration (including several washes with buffer on the ultrafilter) and passed through a column of Sephadex G-25 before use. Spectrophotometric measurements on the resulting preparation showed that the molar concentration of residual NADH was at most 4% of the molar enzyme concentration, i.e. at most 1% of the concentration of binding sites. All chromatographic experiments in the present work used fresh preparations taken from a single stock solution of enzyme and a single batch of 10-CD-Sepharose. The stock enzyme concentration was found to be 1.92mg/ml (14.2pm on the basis of Mr= 135000) by amino acid analysis of a sample hydrolysed in 6M-HCI at 1 100C for 24h.
Assays ofenzyme activity
Lactate dehydrogenase was assayed by catalytic activity by the method of Bergmeyer & Bernt (1974) .
Frontal-elution chromatography
To conserve the enzyme supply, frontal-elution chromatography was performed in small (0.10ml) columns formed from adapted narrow-bore glass pipettes. The column length was 5.0cm. Columns were equilibrated with the appropriate buffer, con-taining NADH as required, at 40C. A portion of the stock enzyme was equilibrated with the same buffer by passage through a column (10ml) of Sephadex G-25, and further diluted with the buffer as appropriate. NADH from a concentrated stock solution was added to the required final concentration. Columns were then fed with enzyme solution under gravity, the flow rate being adjusted to deliver approx. 5 column volumes/h. Elution was continued until the activity in the effluent equalled that in the starting solution. Fractions of size approx. 0.2 ml were collected, the volume of each fraction being individually determined by drawing it up into a calibrated syringe. In each experiment, a separate column was used for each value of the variable under study, the whole set being run simultaneously under otherwise identical conditions. The temperature was 40 C in all cases.
Zonal-elution chromatography Replicate columns (1.00 ml volume) were set up in 1 ml calibrated plastic syringes of 5 mm internal diameter. Equilibration and preparation of the enzyme sample was as described for frontal-elution experiments. Each column was loaded with 0.1 ml of diluted (80-fold) enzyme sample, so that, on further dilution (20-fold at least) due to passage through the column, the enzyme concentration was low enough to be neglected (see the Theory section). The flow rate was 1.5 column volumes/h. Other conditions were as for frontal-elution chromatography.
Results

Effect ofbuffer concentration on elution volume
A low-ionic-strength buffer (0.02 M-Tris/HCl, pH8.5) was used in the purification of the enzyme (Kyprianou & Yon, 1982a Fig. 4a ) corresponds to an enzyme concentration of 15 nm, and hence the error involved in ignoring the second term on the left of eqn. (6) is less than 0.4%. We have therefore plotted the elution (peak) volumes and NADH concentrations in the simplified form in Fig. 4(b) , using the same value of KL as in the previous paragraph. The slope of the doublelogarithmic plot was found to be 1.61 + 0.06, in fair agreement with the value obtained by frontal-elution analysis.
Enzyme activity in the presence of 11-aminoundecanoate To elucidate further the effect of NADH on the adsorption of the enzyme to 10-CD-Sepharose, we examined the effects of free 11 -aminoundecanoate, which provides the immobilized groups of 10-CD-Sepharose [see structure (1)] on the activity of the enzyme. The compound was tested at concentrations up to 4.9mm (its solubility limit in the experimental buffer system, 0.2 M-Tris/HCI, pH 8.5), although its actual monomeric concentration may be considerably less owing to micelle formation. Two sets of substrate concentration were tested, 75,1M-NADH/1.5 mM-pyruvate and 6 juM-NADH/6#uM-pyruvate. 1 1-Aminoundecanoate neither activated nor inhibited the enzyme under these conditions. If P. Kyprianou and R. J. Yon the ability of NADH to desorb the enzyme from 10-CD-Sepharose is due to simple competition between NADH and 10-carboxydecylamino groups, one would have expected considerable inhibition by 1 1-aminoundecanoate in view of the value of Kx, 2.8 x 106M-1, even if the monomeric concentration of 1 1-aminoundecanoate were as low as 10pM. We conclude that the mechanism of NADH-specific desorption from 10-CD-Sepharose is not due to the binding of single 10-carboxydecylamino groups at, or overlapping, the NADH-binding site(s) (see the discussion of possible modes of ligand-specific desorption in Yon, 198 1b). We present in this paper an analytical approach for assessing the extent of the adsorption interface between protein and adsorbent by determining the number of blocked ligand-binding sites on an adsorbed multi-site protein. The analysis is similar in form to that used in the determination of the Hill interaction coefficient for a co-operative protein, which in its simplest form is the number of co-operative ligand-binding sites (Hill, 1910) . Since a single ligand-binding site is normally a small portion of the total protein surface, and since replicate sites are usually distributed with spherical symmetry (i.e. maximum separation) over this surface, adsorption that blocks one ligand-binding site can involve a relatively small adsorption interface, whereas adsorption that blocks two or more sites must necessarily be quite extensive (see Fig. 5 ).
In view of this significance of n, it is worth considering which parameter values, if in error, are most likely to affect the value of n obtained by experiment; in particular we should ask whether, given the likely error-structure of our experiments, our value of approx. 1.7 is significantly greater than 1. Since n is the slope of a double-logarithmic plot, it is relatively insensitive to small errors in the variables and calculated constants contributing to both the ordinate and abscissa terms of eqn. (6). Analysis of likely worst-case errors in the variables/ constants that were determined or calculated by us (i.e. all excepting KL) suggests that their cumulative effect is unlikely to change the value of n by more than about 10%. Hence, if we assume no error in measuring the concentration of NADH, then the value of n is only seriously overestimated if we have used a value for KL that is about an order of magnitude different from the true value. The majority of literature values of KL for the binding of NADH to mammalian M4 isoenzymes of lactate dehydrogenase are in the range 1 x 10S-5 x 1O M-1 (Stinson & Holbrook, 1973; Brinkworth et al., 1975; Brodelius & Mosbach, 1976) , and include 2 x 10 M-1 for the mouse M4 isoenzyme (Brinkworth et al., 1975) as well as 1.3 x 105 M-1 (Vestling, 1962) 
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Nature ofthe adsorption sites on 10-CD-Sepharose Occlusion of two or more NADH-binding sites can occur in one of two ways illustrated in Fig. 5 . (1) The binding sites are directly involved in adsorption to the 10-carboxydecylamino groups (Fig. 5a ), i.e. this is a case of affinity chromatography. This appears very unlikely, since the free analogue of the 10-carboxydecylamino group, i.e. 11-aminoundecanoate, failed to inhibit the activity of the enzyme even at low substrate concentrations. (2) The adsorption is non-specific in the sense that the 10-carboxydecylamino groups interact with parts of the protein surface not involved in catalysis, but in a way that hinders access to the ligand-binding sites (Fig. 5b) . This seems the most likely mode of adsorption. The number of 10-carboxydecylamino groups that comprise a single enzyme-adsorption site is not known; however, at least two 10-carboxydecylamino groups would seem to be required to tie down a surface area large enough to include two NADH-binding sites. As mentioned above (see the Results section), the involvement of several 10-carboxydecylamino groups in a precise geometry would explain the very small number of adsorption sites relative to the total number of immobilized 10-carboxydecylamino groups. Such multivalent adsorption is well-documented (see Jennissen, 1976; Yon, 1978 (Stellwagen, 1979 
